Corresponding authors Human pluripotent stem cells (PSC) often acquire genetic changes on prolonged culture, which pose concerns for their use in research and regenerative medicine (Amps et al., 2011, Seth et al., 2011). The acquisition of these changes during culture necessarily first requires mutation and then selection of those mutations that provide a growth advantage. Whilst selection accounts for the recurrent nature of the variants commonly reported (Draper et al., 2004, Olariu et al., 2010), the mechanisms of mutation in PSC remain largely elusive. Here we show that, in contrast to somatic cells, human PSC have an increased susceptibility to DNA damage and mitotic errors, both of which are caused by heightened replication stress in PSC and this can be alleviated by culture with exogenous nucleosides. These results reflect the requirement for rapid replication of human PSC enabled by a truncated G1 (Becker et al., 2006, Becker et al., 2010) that impairs the preparation of these cells for the ensuing DNA replication. A similar relationship has been shown in relation to chromosomal instability in cancer cells (Burrell et al., 2013, Wilhelm et al., 2019) but PSC differ by replication stress triggering apoptosis (Desmarais et al., 2012, Desmarais et al., 2016). Nevertheless, evasion of this response still leads to the appearance of genetic variants that are of concern for regenerative medicine. The inclusion of nucleosides into culture media greatly improves the efficiency of human PSC culture and minimises the acquisition of genomic damage. DNA double strand breaks (DSBs) are a particularly detrimental type of DNA damage.
were highly expressed in the undifferentiated hiPSC1 compared to the corresponding parent fibroblast line ( Fig. 2b-g) . We confirmed these findings in hESC that also exhibited a similar short G1 and enhanced expression of Cyclin D2 and E (Supplementary Fig. 2) .
We reasoned that the short G1 may impact on genome damage of PSC, since overexpression of cyclin D2 and E in cancer cells has also been reported to enforce an abbreviation of G1 and consequent replication stress, which can be modulated by exogenous nucleosides (Bester et al., 2011 , Takano et al., 2000 . When we cultured the PSC in medium containing additional exogenous nucleosides, we observed an increase in DNA fibre lengths and replication fork speed to levels comparable with those observed in the somatic cells (Fig. 3a-d and Supplementary Fig. 3a-d compared to Fig. 1d-g) . In addition, we noted fewer CldU-only tracts, indicating fewer forks stalled prior to the addition of the second thymidine analogue, IdU (Fig. 3e ). There was also a decrease in replication origin density, with ori-ori distances comparable to those observed in the somatic cells ( Fig. 3f and Supplementary Fig. 3e compared to Fig. 1h ), suggesting that, as a consequence of slower fork speed, the cells were firing from dormant origins in the absence of exogenous nucleosides. Under these conditions we observed a marked decrease in the frequency of DSB in human PSC as indicated by a reduction in the number of cells with more than eight gH2AX foci in S and G2 phase cells upon addition of nucleosides ( Fig. 3g and Supplementary Fig. 3f ) and a decrease in tail moment measured using the neutral comet assay (Fig. 3h) . Overall, these results indicate that susceptibility to DNA damage observed in the undifferentiated PSC is a consequence of replication stress that can be alleviated by exogenous nucleosides. 2016), we observed a high incidence of mitotic errors in human PSC. However, the incidence of these errors was significantly decreased in cells cultured in the presence of nucleosides ( Fig. 3i,j) , indicating that replication stress in human PSC is a cause of mitotic errors.
To investigate the consequences of these observations for the proliferation of human PSC, we used time-lapse microscopy to track the growth of single cells through successive divisions. When hiPSC1 cells were seeded at low density, 68% of those that attached went on to divide in normal culture medium, whereas 79% entered mitosis in medium supplemented with nucleosides. This is consistent with our previous observation that human PSC activate apoptosis in response to replication stress (Desmarais et al., 2012 , Desmarais et al., 2016 .
Of those that did enter mitosis, 59% went on to form colonies of two or more cells under standard culture conditions, with many cells dying after the first and subsequent divisions ( Fig.   4a and Supplementary Fig. 4a ). By contrast, fewer cells died following division when exogenous nucleosides were added and 91% cells went on to form colonies ( Fig. 4a   Supplementary Fig. 4b ) with substantially greater final size (Fig. 4b) . It is notable that, in the absence of added nucleosides, there was a consistently higher number of abortive cell divisions involving the death of both daughter cells ( Fig. 4c,d) , a result that would be anticipated if the mitotic errors caused by DNA replication stress are catastrophic for both daughter cells.
Taken together, our results demonstrate that human PSC, compared to somatic cells, are predisposed to high levels of replication stress, manifest by slower rates of DNA synthesis, activation of latent origins of replication and the stalling of replication forks. One consequence is their susceptibility to double stranded DNA breaks that, in turn, may lead to genomic rearrangements during mitosis (Janssen et al., 2011 , Ichijima et al., 2010 . However, a further feature of human PSC is that, unlike somatic cells, they tend to undergo apoptosis in response to replication stress, so minimising the appearance of mutant cells. This might reflect the demands of cell proliferation in the early embryo in which any genomic damage in even one cell could be catastrophic for the whole embryo (Desmarais et al., 2012 , Desmarais et al., 2016 . Indeed, in a separate study we have found that the overall mutation rate in human PSC is rather low (Thompson et al., 2019) , despite their propensity to DNA damage. That human PSC, nevertheless, tend to accumulate particular recurrent mutations and genomic rearrangements most likely reflects selection for growth advantages among those few variants that escape apoptosis. It is notable that resistance to apoptosis is a common feature of the recurrent variants that do arise in human PSC (Merkle et al., 2017 , Avery et al., 2013 . Our observation that exogenous nucleosides substantially reduced DNA replication stress in human PSC, perhaps compensating for metabolic changes that stem from their shortened G1 and relaxed G1/S transition, without disrupting pluripotency ( Supplementary Fig. 5-6 ), provides a means to reduce the incidence of recurrent genetic changes that may compromise the use of human PSC for disease modelling and regenerative medicine. 
